Abstract Purpose:To investigate the safety and feasibility of rapid androgen cycling for men with progressive prostate cancer. Experimental Design: Schedule 1 included a 4-week induction of androgen depletion, followed by 4-week treatment cycles of a monthly gonadotropin-releasing hormone agonist, testosterone on days 1 to 7, and an estrogen patch on days 8 to 21. Schedule 2 included a 12-week induction of androgen depletion followed by 4-week cycles of gonadotropin-releasing hormone agonist and testosterone, but no estrogens for patients with a prostate-specific antigen (PSA) nadir <1ng/mL after induction. The primary end point was serially declining PSA trough values over six treatment cycles. Results:Thirty-six patients were treated; 27 were evaluable after cycling, of whom 8 of 12 (67%) and 9 of 15 (60%) on schedules 1and 2, respectively, reached the end point. Five patients with PSA >1 ng/mL following induction did not cycle. No patient progressed radiographically or clinically during cycling. Three posttherapy PSA patterns were observed: a decline followed by a rapid increase in trough levels, a sustained decline with a plateau at a detectable nadir, and a decline to an undetectable nadir. Mean testosterone levels were castrate at the time of trough and in the normal physiologic range following androgen repletion. Major toxicities included grades 1and 2 fatigue, hepatitis, gynecomastia, and hot flashes. Conclusions: Rapid hormonal cycling is feasible and well tolerated, and successive declines in PSA troughs are achievable. Although the sample size was small, the proportion of patients achieving declining PSA at the end of six cycles was comparable with that reached with continuous androgen depletion therapy.
Androgen depletion therapy (ADT) has been the cornerstone of advanced prostate cancer management during the past six decades, producing anticancer effects that include declines in prostate-specific antigen (PSA), regression of visible tumor masses, improvements on bone scan, and palliation of symptoms (1) . Unfortunately, ADT alone rarely results in cure. Based on traditional response criteria, tumor regressions are documented in only 30% to 40% of cases, and the tumor often progresses initially at the same sites of disease that were manifest before ADT. Even when tumor spread is limited to regional nodes or to the prostate itself, complete eradication with ADT alone is rare. These observations show that tumor cells that are resistant and able to survive the effects of androgen depletion are present upon treatment.
In human prostate cancer xenograft models, ADT dramatically increases apoptotic rates, which return to baseline within days (2) , whereas surviving cancer cells remain in a viable nonproliferative state (3) until castration-resistant phenotypes become manifest (4) . The same rapid increase and decrease in apoptotic rates has been confirmed in studies of normal and malignant human prostate epithelial cells. In a study where daily biopsies of the prostate were done after the start of ADT, maximal apoptosis occurred by day 3 and was virtually absent by day 7 (5). These observations suggest that ADT can be considered as analogous to a single dose of chemotherapy; that is, an intervention that results in fractional cell kill until the surviving quiescent cancer cells undergo adaptive changes that allow regrowth despite castrate levels of testosterone. This raised the question whether overall tumor cell kill might be increased if multiple apoptotic cycles could be induced.
In an attempt to delay the development of castration resistance, investigators have evaluated intermittent androgen depletion. This is a cyclic process in which androgens are depleted, a response is documented, therapy is stopped, and the tumor is allowed to regrow under the influence of androgens.
Androgen depletion is resumed when tumor regrowth reaches a predetermined level. In preclinical models, successive cycles of androgen depletion and repletion have been shown to prolong the time of sensitivity to changes in androgen levels and reduced the number of cells showing a castration-resistant phenotype (6, 7) . Similar results have been observed in the clinic, and toxicities are reduced during the off periods. Intermittent androgen depletion has been studied by many groups (8 -11) , and ongoing large-scale phase 3 trials are addressing whether the approach is superior, equivalent, or inferior to more traditional continuous treatment (reviewed in refs. 12, 13) .
Rapid androgen cycling is based on the hypothesis that shorter and more frequent cycles of androgen depletion and repletion might increase overall cell kill. For this study, 7 days of androgen repletion was chosen, in part because preclinical studies showed that proliferation rates in human prostate cancer xenografts assessed by Ki-67 staining and intratumoral fluorodeoxyglucose uptake by positron emission tomography increased within days following testosterone administration (14) , and that the maximum increase in proliferation in a transgenic model occurred by day 4 or 5 (15) . The time to maximal proliferation observed in these models mirrors the time to clinical flare of symptoms following testosterone administration to patients with castration-resistant disease (16) . In addition, shorter cycles might diminish the frequency of the gain-of-function changes in the androgen receptor observed in tumors progressing during long-term continuous ADT (17, 18) . In this first report exploring feasibility and safety, the primary aim was to determine the proportion of patients with PSA levels that decline over successive castration phases for a minimum of six cycles.
Patients and Methods
This was an Institutional Review Board -approved, single-institution study. All patients signed an Institutional Review Board -approved informed consent.
Patient eligibility
Eligible patients had a diagnosis of prostate cancer that was histologically confirmed; at study entry, patients had an increasing PSA alone or an increasing PSA and clinical metastases following radical surgery or radiation therapy for treatment of a clinically localized disease or had clinical metastases at the time of diagnosis. Increasing PSA was defined as a z50% increase in value to a level z2 ng/mL, based on at least three PSA determinations obtained >2 weeks apart. Prior ADT for up to 10 months was permitted as neoadjuvant before radiation therapy or as a course of planned intermittent therapy. Additional eligibility requirements included (a) a Karnofsky performance status of z70%, (b) adequate organ function, and (c) a serum testosterone level within the reference range. Patients who had received prior chemotherapy, immunotherapy, or therapeutic radiation for metastatic disease were excluded.
Study design
Two sequential treatment schedules were explored (Fig. 1 ). Schedule 1 enrolled 13 patients, and schedule 2 enrolled 23 patients. Schedule 1. To rapidly deplete androgens to castrate levels, patients received ketoconazole (400 mg thrice daily) on days 1 to 14 (19) and a monthly injection of a gonadotropin-releasing hormone (GnRH) analogue (leuprolide 7.5 mg i.m., goserelin 3.6 mg s.c., or their equivalent) on day 1. After a 4-week induction, all patients proceeded to cycling (one cycle = 28 days), during which patients received the monthly GnRH analogue on day 1 and testosterone (AndroGel 1%, 5 g topical daily) for 1 week. During weeks 2 and 3, patients used an estradiol patch (Climara 0.1 mg/d topically every 7 days). No therapy was given during week 4. The rationale for administering estrogen was derived from our institution studies that showed that squamous metaplasia was present in prostatectomy specimens obtained after 3 months of diethylstilbestrol, which was not observed after GnRH analogue therapy alone. This suggested a direct toxic effect of the estrogen on tumor cells (20) . Cycles were repeated until the occurrence of progression of the disease as defined below.
Schedule 2. Changes to schedule 1 were adopted because of the toxicities encountered with ketoconazole and estradiol. The induction period was extended to 12 weeks of GnRH analogue (leuprolide 7.5 mg i.m. or goserelin 3.6 mg s.c. every 4 weeks) on day 1 and bicalutamide (50 mg daily) on days 1 to 28 and no treatment for the remainder of the induction period. The extension provided enough time for bicalutamide, which has a long half-life (21) , to wash out before cycling. To restrict cycling to tumors that might be more sensitive, cycling was limited to patients with a PSA level of V1 ng/mL after the induction period. The cycling phase was simplified to a monthly GnRH analogue injection on day 1, followed by testosterone repletion (AndroGel 1%, 5 g topical daily) on days 1 to 7. No additional therapy was given from days 8 to 28. The cycle was repeated every 4 weeks until progression.
Patient evaluation
Patients were examined and assessed for safety and tolerance a minimum of once a month during induction. While cycling, patients were evaluated weekly for the first 2 weeks of the first cycle and monthly for subsequent cycles. Patients were required to keep and submit a drug diary to record testosterone gel administration and toxicities. PSA levels were measured at the start of the therapy, immediately before testosterone administration (trough level), and immediately before testosterone discontinuation (peak level).
Patients who had metastatic disease on baseline imaging (computed tomography, magnetic resonance, or bone scan) had follow-up studies done at 3-month intervals, whereas those with no radiographic abnormalities at baseline had follow-up studies at 6-month intervals or earlier if indicated. PSA levels were determined by a two-site immunoenzymometric assay using the Tosoh Medics Nexia analytic system (South San Francisco, CA). The low-end analytic sensitivity of the PSA method is 0.05 ng/mL.
Testosterone measurement
Total testosterone concentrations were determined by a solid-phase RIA (Diagnostic Products Corp., Los Angeles, CA) with an analytic sensitivity of 10 ng/dL. During schedule 1, total testosterone levels were measured at baseline and before (trough) and after (peak) androgen repletion therapy. For schedule 2, total testosterone was determined monthly during induction, as well as before and after cycling. Free testosterone was calculated from total testosterone, sex hormonebinding globulin, and albumin. Sex hormone -binding globulin was determined by immunometric analysis on a DPC Immulite analyzer (Diagnostic Products). Blood count and biochemical profile were also monitored.
Statistical analysis
Disease progression was defined as an increase in trough PSA relative to the previous cycle that was confirmed in a subsequent cycle. Treatment failure was defined as progression confirmed by the start of the seventh cycle. Six cycles were chosen because previous research has shown that PSA levels generally nadir by 6 months after ADT (22) . The primary end point of the trial was the proportion of patients who did not have treatment failure. The proportion of patients who achieved undetectable PSA levels was also recorded (23) . No overall response categories were assigned, although changes in soft tissue disease and/or bone scan were monitored. The score test from the logistic regression model was used to determine if log-transformed PSA and testosterone measurements, obtained for each patient during the first six cycles, were associated with progression. The maximum value of the testosterone peaks and the minimum value of the testosterone troughs were used in the model.
Results
The demographics, disease status, and prior treatment histories of the 36 patients treated are detailed in Table 1 . Schedule 1. Thirteen patients were treated, of whom one developed hepatitis on ketoconazole and was taken off the study before cycling. Of the 12 evaluable patients (five with increasing PSA and seven with clinical metastases), 8 patients (67%; three of the five with an increasing PSA and five of the seven with metastases) had declining PSA trough values through the first six cycles and met the primary end point. Among the patients who reached the end point, all five patients with clinical metastases (three with soft tissue disease and two with bone disease) showed improvement or stable disease on imaging posttreatment. Treatment was considered to have failed in 4 of the 12 (33%) evaluable patients (Table 2A) , including two of the seven with metastatic disease (one with soft tissue lesions, one with bone lesions).
At progression, 9 of the 12 patients continued on GnRH agonist therapy without testosterone supplementation. Four patients showed a subsequent decline in PSA to a level equal to or lower than the trough nadir PSA documented while on study, two of whom reached undetectable nadir PSA levels both while cycling and while on GnRH monotherapy off the study.
Notably, after 16 cycles, the PSA level was undetectable, with no evidence of radiographic disease in a 64-year-old man with a T 3b Gleason 9 tumor, biopsy-proven metastatic disease in lymph nodes, and baseline PSA level of 12 ng/mL. Treatment was discontinued at his request, and the patient was observed. Thirty-four months later, he has no evidence of disease on scan, and his PSA remains undetectable, with a testosterone level in the reference range. Schedule 2. Twenty-three patients were treated. Three patients were not evaluable, one because bicalutamide was continued beyond the 28-day limit, one because metastases from a second primary tumor were identified, and one because an arterial thrombus developed. Of the 20 evaluable patients, 5 (20%), all of whom had clinical metastasis, did not achieve a PSA of <1 ng/mL after the 12-week induction period and did not cycle.
Of the 15 patients who did cycle (5 with increasing PSA and 10 with metastases), 9 (60%) met the primary end point (3 of 5 with increasing PSA and 6 of 10 with metastases; Table 2B ). Of the six patients with clinical metastases who met the end point, four had soft tissue disease, and three had bone disease (one patient had both). All showed improvement or stable disease on imaging posttreatment. Six of the 15 who cycled (40%) did not meet the end point and were treated with GnRH agonist alone at or before completing six cycles; this group included 4 of 10 with metastatic disease (two with soft tissue lesions and two with bone lesions), who were stable and improved posttreatment. Off study, 18 of the 20 evaluable patients continued on GnRH agonist therapy, 14 showed declines in PSA, and 3 reached an undetectable nadir.
Considering the two treatment schedules, a total of 27 patients were evaluable after cycling. No patient progressed radiographically or clinically during cycling. Among the 17 patients who had undergone a radical prostatectomy, 11 (65%) met the end point, and 8 of 17 (47%) achieved an undetectable PSA. Five of the nine patients who had undergone radiation therapy met the primary end point, and two achieved an undetectable PSA (<0.05 ng/mL). Notably, five of the nine patients treated with external beam radiation therapy cycled for at least 10 months with trough PSA levels below 0.3 ng/mL. Overall, three PSA patterns were observed among patients who cycled. A serial decline in peaks and troughs to an undetectable nadir was observed in nine patients (3 of 10 treated for increasing PSA and 6 of 17 with clinical metastases). Figure 2A shows an example of such a PSA profile. A PSA decline to reach a plateau at a detectable level (Fig. 2B) was observed in eight patients (three with increasing PSA and five with clinical metastases). The third pattern, a PSA increase before the seventh cycle (Fig. 2C) , corresponds to the definition of treatment failure. This pattern occurred in 10 patients (four with increasing PSA and six with clinical metastases). Nine of these patients had little or no initial decline in PSA, but one patient on schedule 2 initially achieved an undetectable PSA before the subsequent increase.
Testosterone levels. Among patients who cycled on either treatment schedule, 99% of all trough testosterone measurements were <50 ng/dL (i.e., in the castrate range), 83% were <20 ng/dL, and 58% were V10 ng/dL. Patients who cycled consistently achieved peak free and total testosterone levels within the reference range during testosterone repletion. Testosterone values greater than the upper limit of the reference range (>758 ng/dL) were documented in 9.6% of patients on schedule 2 who met the end point and in 3.6% of patients who did not meet the end point. There were no acute toxicities associated with the elevated testosterone levels. No correlation was found between baseline, peak, or trough testosterone levels and the achievement of the primary end point (P = 0.33 and P = 0.32, respectively) or an undetectable PSA (P = 0.77 and P = 0.99; Table 3 ).
Adverse events. Table 4 describes the adverse events observed for both treatment schedules. The most common effects occurring during schedule 1 were grades 1 and 2 hepatitis, fatigue, and gynecomastia, which are known effects of ketoconazole and estrogens. As noted previously, one patient was taken off the study after 10 days of ketoconazole. Two patients developed pneumonic processes on chest plain film radiographs that were unrelated to the study treatment. Both remained in the study. In schedule 2, grade 1 fatigue, hot flashes, hyperglycemia, and urinary frequency were the most commonly reported adverse events. There were no grade 3 or 4 toxicities. Anecdotally, patients experienced improved energy and sexual performance during the week of androgen repletion.
Discussion
This report describes the first in a series of studies exploring the use of rapid androgen cycling in prostate cancer patients with an increasing PSA or noncastrate metastatic disease. Results show that monthly androgen depletion and repletion is feasible and can result in successive declines in PSA troughs and associated radiographic improvement.
Although the overall number of patients treated was small, results from schedule 1 suggested that the initial 4-week castration period may have been too short, and ketoconazoleassociated toxicity occurred frequently enough to warrant a change to the induction schedule. As a result, schedule 2 instituted a 12-week induction period, initiated by 4 weeks of bicalutamide. Although five patients (20%) did not reach the specified PSA nadir V1 ng/mL after induction therapy and did not go on to cycling, for those patients who cycled, posttreatment PSA patterns on this schedule were essentially unchanged.
The rapid depletion and repletion of androgens were designed to increase net tumor cell kill by inducing multiple apoptotic events, while limiting the period of tumor regrowth. Fig. 2 . Patterns of PSA change following androgen depletion and repletion. Serial PSA values in three patients with recurrence after radical prostatectomy. A, serial declines in PSA peaks and troughs to an undetectable nadir. B, serial declines to nadir that remains detectable. C, transient decline followed by serial elevations in peaks and troughs. Because the elevation occurred by the sixth cycle, this patient was classified as having treatment failure.
The hypothesis is that androgen repletion would cause dormant prostate cancer cells that had survived androgen depletion to enter the cell cycle, so that they would undergo apoptotic cell death when androgens were subsequently depleted (9, 24) . Overall cell number would decrease in sequential cycles because of the 7-day exposure to androgens because the number of cells gained through proliferation during repletion would be less than the number killed during the previous period of androgen depletion. Serially declining PSA peaks and troughs in sequential cycles are consistent with this view, with the caveat that PSA levels alone do not provide an adequate measure of overall cell number. However, because regressions of tumor were documented concurrently and measured peak testosterone levels in the same patient were similar between cycles, the responses to rapid cycling are unlikely to be simply a PSA effect.
An additional objective of the study was to increase the proportion of patients who achieved an undetectable PSA. Although an undetectable PSA does not indicate cure, it is a useful benchmark by which to evaluate treatment effects and measure improvements in a treatment regimen (23, 25) . In one retrospective study of continuous ADT, 57% of patients with an increasing PSA and 37% of patients with clinical metastases reached a PSA nadir that was undetectable (<0.05 ng/mL). Overall, the current study resulted in an undetectable PSA nadir in 10 of 27 assessable patients (37%; 95% confidence interval, 24-59%). Considering that more than two thirds of the patients enrolled had clinical metastases (Table 1) , this proportion is comparable with that obtained with continuous ADT.
In the current study, all patients who did not achieve an undetectable PSA nadir eventually had disease progression. The result is consistent with previously noted associations between an undetectable PSA nadir and outcome. Compared with an undetectable PSA nadir after ADT, a PSA nadir of more than 0.2 ng/mL, combined with a short pre-ADT doubling time, has been linked to a higher prostate cancer -specific mortality, independent of the initial local therapy (25) .
For the patients whose PSA nadir was a detectable level, it is unknown at this point whether the continued PSA production signified that the PSA-producing cells were resistant to androgen depletion or whether the degree of androgen depletion was insufficient to reduce signaling through the androgen receptor. In this trial, although 92% of the patients were documented to have testosterone trough levels below 20 ng/dL, and 76% were documented to have testosterone trough levels below 10 ng/dL, no between-measured peak and trough testosterone levels and outcome were observed. These measurements do not, however, indicate the levels of androgen in the tumor. In a study in which intraprostatic androgens were measured, ADT lowered intratumoral ligand levels by only 75%, and the residual androgens documented in the prostate were sufficient for androgen receptor signaling to continue (26) . In a second report, persistent PSA and androgen receptor gene expression, which was observed in 7 of 18 tumors isolated from radical prostatectomy specimens after 3 months of neoadjuvant ADT, was associated with early PSA relapse (27) . Both reports suggest that combining strategies that deplete ligand levels with strategies that inhibit the ligand binding to the receptor may improve outcomes. These approaches, however, would not address the management of tumors that are independent of androgen receptor signaling for growth and survival. The practice of cycling between androgen-depleted and androgen-repleted states is not new. Intermittent androgen suppression was introduced initially as a strategy both to delay the outgrowth of castration-resistant cells and to minimize toxicity (8, 28) . As currently used in an investigational setting, intermittent androgen suppression seeks to maintain a state of medical castration 2 to 3 months beyond the point of maximal PSA decline, at which time ADT is discontinued (29) . As testosterone levels increase, PSA levels also increase; ADT is restarted at a predetermined PSA level, and the cycling continues. Multiple cycles of regression and proliferation have been documented, and a randomized controlled trial assessing the clinical benefits of this strategy is ongoing. Although there are concerns about allowing testosterone levels to increase in a patient with prostate cancer, preliminary analyses of the intermittent androgen suppression approach showed that outcomes are similar to those achieved with continuous ADT, the standard treatment in most contexts (11, 30) . This finding contrasts with results found when testosterone is given to patients with castrate metastatic disease who have been on long-term ADT. In this disease state, androgen repletion results in a clinical flare in symptoms, and in a prospective randomized trial, overall survival for patients who received testosterone followed by chemotherapy was shorter than that for patients who received chemotherapy alone (16) . The patient population treated in the current study is different because the tumors were not resistant to androgen depletion at the outset. The fact that patients in this study showed declines in PSA level when they were shifted to continuous ADT upon progression further shows that the cells were not resistant to androgens at the end of the cycling period.
During the stress of rapidly declining androgen levels, tumor cells may be more sensitive to targeted signaling inhibitors such as gefitinib (31) or RAD-001 (32, 33) . Chemotherapy may also be more effective against cycling as opposed to dormant, nonproliferating cells. Investigations are under way for treatment approaches combining rapid androgen cycling with (a) docetaxel given when testosterone levels are in the physiologic range (34) and (b) an anti-CTL antigen-4 monoclonal antibody, an inhibitor of T-cell downregulation (35) as a means of augmenting any intrinsic antiprostate cancer immunity. The combination immunotherapy with androgen cycling is attractive because apoptotic cells that are taken up by dendritic cells are capable of priming an immune response independent of knowledge of the target antigen. In a variety of infectious disease models, induction of apoptosis in antigen-bearing cells induced the priming of strong CD8 + T-cell immunity (36) ; the apoptotic cells functioned, in effect, as an endogenous immune adjuvant. The fact that the overall proportion of patients achieving an undetectable PSA level in this study was similar to the proportion among patients experiencing continuous ADT provides a platform for further exploration. The ultimate objective is to use monthly androgen cycling in combination with other treatment strategies to augment the proportion of patients who achieve undetectable PSA levels, a prerequisite for cure.
